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Although many observations in high multiplicity p+Pb collisions at the LHC indicate striking
similarity to heavy ion collisions, no evidence of jet-medium interactions has been observed till date.
We study the effect of jet-medium interaction on the charge dependent three-particle correlation
in high multiplicity p+Pb collisions at
√
sNN = 5.02 TeV using EPOS 3 event generator. The
short range component of the three-particle correlation is dominated by the jet fragmentation and
has a unique charge dependence as observed in the minimum bias p+Au collisions at the RHIC
energy. In EPOS 3, similar pattern has been observed in the lower multiplicity classes of p+Pb
collisions where jet fragmentation plays the dominant role. Interestingly, the charge dependence of
three-particle correlation gets diminished in the higher multiplicity classes of p+Pb collisions where
the jet-medium interactions as implemented in EPOS 3 plays an important role. The current study
can, therefore, provide possible ways to investigate the jet-medium interaction in high multiplicity
classes of small collision systems at the LHC energies.
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I. INTRODUCTION
The observation of ridge [1, 2] and other collective ef-
fects in high multiplicity p+p and p+Pb collisions at the
LHC energies [3–6] are often attributed to the forma-
tion of a deconfined state of quarks and gluons similar
to what is expected in the heavy ion collisions. Sev-
eral experimental observations, such as, mass-ordering of
the elliptic flow coefficient (v2) of the identified particles
[4], baryon-to-meson enhancement at intermediate pT , [5]
and constituent quark-scaling of v2 [6] also suggest simi-
larity between the systems formed in small and heavy-ion
collisions. Hydrodynamic models[7, 8] can explain sev-
eral experimental observations in high multiplicity p+p
and p+Pb collisions at LHC energies [9–12]. For exam-
ple, EPOS 3 model which includes event by event 3+1 D
hydrodynamic evolution [12, 13] can reasonably explain
the systematics of ridge [10], mass ordering of the ellip-
tic flow co-efficients (v2) of identified particles [11], mass
dependence of the hardening of spectra with multiplic-
ity etc in p+p and p+Pb collisions at the LHC energies
[5, 12, 14–16]. These observations points to the possibil-
ity of formation of a medium describable by fluid dynam-
ics. However, unlike heavy ion collisions, another com-
pelling evidence of deconfined medium formation namely
jet-quenching or jet-medium interaction has not been ob-
served in the high multiplicity events of small collision
systems.
Jets produced in ultra-relativistic heavy ion collisions
interact with the hot and dense medium created in such
collisions and lose energy during the evolution of the sys-
tem [17]. This effect is referred to as jet-quenching, jet-
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energy loss or jet-medium interaction. This phenomena
is not unique to the high energy jets as the low energy
jets or mini-jets also interact with the medium and loose
energy while traversing through the medium. An im-
mediate consequence is the suppression of the invariant
yields of particles when compared to the same for scaled
p-p collisions at the same collision energy, referred to as
the nuclear modification factor (RAA). Measurements at
RHIC and LHC energies confirm medium induced mod-
ifications of particle spectra (RAA < 1) in heavy ion col-
lisions providing a clean evidence of jet-medium inter-
actions [18, 19]. In addition, experimental observations
such as an increase in the fraction of jet pairs with largely
unbalanced transverse momenta [20–22] and the suppres-
sion of back to back di-hadron correlation yields in the
most central A+A collisions compared to the minimum
bias p+p collisions [23, 24] are also consistent with the
notion of in-medium jet energy loss.
However, in p+Pb collisions at the LHC energy where
many features of the data indicate collectivity simi-
lar to heavy ion collisions, no evidence of suppression
of hadron-yields has been observed for particles having
pT > 10 GeV/c [25, 26]. The system size estimated
from the interferometric two-particle correlations show
that in the highest multiplicity p+Pb collisions, the ac-
tive medium size and the charged particle multiplicity are
much less than the same in central Pb+Pb collisions [27].
As a consequence, the possibility of interactions between
the high energy jets and the medium is negligible [28].
However, as discussed in [28], the lower energy jets (mini-
jets) have a larger probability of interactions with the
smaller size medium possibly formed in high multiplic-
ity p+Pb collisions. The hadrons produced from these
mini-jets populate the low pT part of the particle spectra
and carry the signature of the jet-medium interactions.
By far no convincing observable has been proposed to
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2investigate the jet-medium interaction in high multiplic-
ity p+Pb collisions using the low and intermediate pT
(pT < 10 GeV/c) particles. Experimental measurements
such as medium induced modification of spectra and two
particle correlations do not show any sign of dijet quench-
ing in the small systems at the LHC energies. It is ex-
pected that any possible jet-medium interaction in the
low pT regime of the high multiplicity p+Pb collisions
is less significant compared to the same in central heavy
ion collisions and the conventional observables (spectra,
di-hadron correlations etc) may not be sensitive enough
to disentangle the effect of jet-medium interaction from
the other low pT effects.
The goal of this work is to find a observable sensitive
to such effects. For this, we qualitatively investigate the
effect of the jet-medium interaction on the charge depen-
dent three-particle correlation in the low pT (pT < 10
GeV/c) region of high multiplicity p+Pb collisions. The
three-particle correlation has been extensively measured
in small collision systems as well as in heavy ion colli-
sions at RHIC [29–32] and LHC [33–36] energies. The
similarity in the results between p+Pb and Pb+Pb data
constraints the interpretation of the observed charge-
dependent correlations in heavy ion collisions as a conse-
quence of the Chiral Magnetic effect (CME) [33, 34, 37].
In this paper we demonstrate that the sensitivity of the
charge dependent three-particle correlation towards jet-
fluid interaction can be used as an useful tool to inves-
tigate the possible jet-medium interaction in high multi-
plicity p+Pb collisions at the LHC energies. We study
the quantity γa,b = C112 = 〈cos(φa1 + φb2 − 2φ3) with dif-
ferent charge combinations a, b = +−,++,−− for 0-10%
and 60-100% event classes of p+Pb collisions at 5.02 TeV
using EPOS 3 event generator with Jet-medium interac-
tion ON (default) and OFF. The φ1, φ2 and φ3 are the
azimuthal angles of the particles having 0.5 < pT <10.0
GeV/c within |η| < 0.8. We demonstrate that the
short range components of the three-particle correlation
is dominated by the charge dependent two-particle corre-
lations (jet fragmentation, resonance decays etc) and it’s
evolution with multiplicity can shed light on the possible
jet-medium interaction in the higher multiplicity classes
of p-Pb collisions at the LHC energies. In addition, this
study will also provide insights on the charge dependent
background correlations relevant for CME search in rel-
ativistic heavy ion collisions [37].
II. THE EPOS 3 EVENT GENERATOR
The EPOS 3 model includes a 3+1 D hydrodynamic
evolution of bulk matter, jet production and the jet-fluid
interaction [10–13] [38–41]. After the initial partonic
scatterings, the final state partonic system consists of
mainly longitudinal strings carrying transverse momen-
tum of the hard scattered partons in the transverse
direction. The energy loss scheme of the string segments
and their positions after initial multiple scatterings (i.e
inside the dense matter or at the surface) decide whether
a particular string segment becomes a part of the “core”
or escapes the system to constitute the “corona”. In
general, the low momentum strings in the high density
core loose their individual identity and undergo hydro-
dynamical evolution to form the bulk part of the system.
Whereas, the highly energetic strings in the low density
corona region eventually expand and finally break via the
production of quark-antiquark or diquark-antidiquark
pairs following Schwinger mechanism to produce jets.
However, the intermediate pT string segments have
a formation time such that they break down inside
the core and the string breaking (i.e fragmentation)
is influenced by the flowing bulk matter [42]. These
segments may pick up quarks or antiquarks needed for
the string breaking from the fluid (bulk) [40] rather
than generating through the Schwinger mechanism in
vacuum. The produced jet-hadrons are composed of a
string segment originating from the initial hard process
and di(quarks) from the fluid, and therefore, carry fluid
properties. This effect is more pronounced in the higher
multiplicity classes where the transverse size of the
system is higher, increasing the probability of fluid-jet
interaction [40]. There is also an option to switch
off the default interaction between jet (corona) and
medium (core) in EPOS 3. In that case core and corona
hadronizes separately and the string fragmentation is
not influenced by the flowing bulk matter. However, the
interaction between the jets and flowing bulk matter
has been found to be essential to describe the inclusive
baryon-to-meson enhancement at intermediate pT in
Pb-Pb collisions at 2.76 TeV. In addition, this jet-fluid
interaction in EPOS has also been found to contribute
to the ridge in the higher multiplicity classes of p+Pb
collisions [39]. But, experimentally it is very challenging
to disentangle the different sources (e.g hydro, jet-fluid
interaction) contributing to the ridge in high multiplicity
p+Pb collisions, and therefore, studying jet-medium
interaction using di-hadron correlation becomes difficult.
We measure the charge dependent three-particle cor-
relation in EPOS 3 with the jet-medium interaction
ON(default) and OFF in 0-10% and 60-100% event
classes. We demonstrate that the modification of the
charge dependence of 3 particle correlations at the higher
multiplicity classes compared to the lower ones may pro-
vide important insight on the possible jet-fluid interac-
tion in small collision systems.
III. RESULTS AND DISCUSSION
We measure the relative rapidity ∆η12 = η1 − η2
dependence of the charge dependent (same and opposite
sign pairs between 1st and 2nd particle) three-particle
correlator C112(η1 − η2) = 〈cos(φ1(η1) + φ2(η2) − 2φ3)〉
in the different multiplicity classes of p+Pb collisions.
In Fig 1 we show C112(η1 − η2) for the 60-100% event
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FIG. 1: [Color online] The ∆η12 (η1−η2 ) dependence of C112
scaled by N2mult for the same and opposite sign pairs between
1st and 2nd particle in the 60-100% event class of p+Pb col-
lisions in EPOS 3 with the default jet-fluid interaction ON.
class of p+Pb collisions at 5.02 TeV using EPOS 3 event
generator with the default jet-fluid interaction ON. To
take into account the natural dilution of correlation with
multiplicity [43], C112 is scaled by N
2
mult where Nmult
is the number of charged hadrons with 0.5 < pT <10.0
GeV/c within |η| < 0.8. The multiplicity classes have
been estimated based on the total amount of charged
particles produced (with pT >0.05 GeV/c) within 2.8
< η <5.1. This corresponds to the acceptance range of
ALICE VZERO-A detector in the Pb going direction in
case of p+Pb collisions and used for multiplicity class
determination by the ALICE collaboration [2],[4].
In Fig 1 we see that C112 remains positive at small
∆η and changes sign at large ∆η. Different underly-
ing phenomena contribute towards the ∆η-dependence
of C112(∆η) [44]. The charge dependence of the three
particle correlator with the ordering Copposite−sign112 >
Csame−sign112 > 0 at smaller ∆η is a characteristic fea-
ture of the string fragmentation and has already been
observed in the minimum bias p+Au collisions at 200
GeV [29]. The effects of initial state geometry, hydro-
dynamic response and momentum conservation lead to
negative values of C112 as shown in previous studies [44–
46]. Such effects are responsible for the observation of
C112<0 at larger ∆η as shown in Fig 1. It is important
to note that at large ∆η (|∆η| > 1) where the effect of
initial geometry and hydrodynamic response play an im-
portant role, the OS and SS correlation converge to simi-
lar value. We investigate whether the charge dependence
of C112 at smaller ∆η gets modified with multiplicity due
to possible jet-medium interaction at higher multiplicity
classes of p+Pb collisions.
In this analysis, the three particle correlator is con-
structed using the low pT particles (0.5 < pT < 10.0
GeV/c) to take into account the particles originating
from the fragmentation of lower energy jets which have
larger probability of fragmentation within the freeze-out
hypersurface in EPOS 3 [39, 40]. In Fig 2(a) the rel-
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FIG. 2: [Color online] a) The ∆η12 (η1− η2 ) dependence
of C112 scaled by N
2
mult for the same and opposite sign pairs
between 1st and 2nd particle in the 0-10% event class of p+Pb
collisions in EPOS 3 with the default jet-fluid interaction ON.
b) Same as Fig (a) but with the jet-fluid interaction OFF.
ative rapidity ∆η12 = η1−η2 dependence of the charge
dependent three-particle correlator C112 for the 0-10%
event class of p+Pb collisons at 5.02 TeV is shown with
the jet-fluid interaction ON (default). Interestingly, the
charge dependence of C112 at smaller ∆η gets diminished
in the higher multiplicity classes of p+Pb collisions. The
reason for diminishing of the charge dependence of C112
with increase in multiplicity can be understood as fol-
lows.
Aforementioned, with increase in multiplicity, the size
of the core and the probability of fluid-jet interaction in-
creases. The jet hadrons (corona) produced via string
breaking inside or at the surface of the bulk use partons
from the bulk (core) and therefore carry fluid properties
[39, 40]. As the number of jet hadrons produced from
jet-fluid interaction and therefore carrying the fluid prop-
erties increases with multiplicity/system size [40], this
will affect the charge dependence of the C112 at smaller
∆η. The jet hadrons carrying fluid partons are expected
to show similar pattern as observed in the long range of
4C112 where the hydrodynamic response plays a significant
role. For a better understanding of the effect of jet-fluid
interaction on the short range of C112, we repeat the anal-
ysis with jet-fluid interaction turned OFF for the 0-10%
event class of p+Pb collisions as shown in Fig 2(b). A
charge dependence of C112 (C
opposite−sign
112 > C
same−sign
112 )
at smaller ∆η is observed in Fig 2(b) which is qualita-
tively similar to the one observed in 60-100% event class
of p+Pb collisions where jet fragmentation is the domi-
nant mechanism of particle production. This indicates
that the diminishing of charge dependence of C112 at
small ∆η in the high multiplicity p+Pb collisions has con-
tribution from the jet-fluid interaction as implemented in
EPOS 3.
Let us discuss if this observable is a robust one and if
there is any other phenomenon that can mimic the effect
of jet-medium interaction as shown in Fig.1. and Fig 2.
The charge dependence of the three-particle correlation
can arise from different origins such as CME [37], local
charge conservation [47], flowing resonances [37, 48], di-
jet fragmentation [29] and initial state correlations[49].
As CME is driven by the magnetic filed, this is not a
possible explanation of the charge dependence of three-
particle correlation in p+Pb collisions. Local charge con-
servation coupled with anisotropic flow, driven by ini-
tial state geometry, can be a possible explanation of
such effect but such presumption is still under debate
as it can’t explain all aspects of the experimentally ob-
served three-particle correlations at RHIC and LHC en-
ergies [47, 48, 50, 51]. The charge independent effects
(e.g momentum conservation) are cancelled out during
(∆C112 = C
OS
112 - C
SS
112) and the contribution from local
charge conservation and resonance decay are suppressed
by the number of particles resulting in a dependence of
∆C1,1,2 ≈ v22/Nmult [37] where v22 =< cos(2φ1 − 2φ2) >
is the measured elliptic anisotropy of the system. There-
fore, one expects (∆C112 ∗ Nmult)/v22 to be the inde-
pendent of Nmult. In case of p+Pb collisions, v2 ap-
proximately varies as 1/
√
Nmult as the initial spatial
anisotropy has a dominant contribution from random
fluctuations in the positions of the participating nucle-
ons, non-flow from di-jets and other initial state momen-
tum space correlations[43, 52, 53]. As a result, one would
naively expect that ∆C112 ∗N2mult would be independent
of Nmult. However, we observe that the ∆C112∗N2mult de-
creases with increase in multiplicity (Nmult) and the jet-
medium interaction has an effect on the multiplicity evo-
lution of ∆C112∗N2mult. Most importantly, ∆C112∗N2mult
shows similar pattern in the 0-10% and 60-100% event
classes of p+Pb collisions when the jet-medium interac-
tion is switched off. Therefore, we argue that this observ-
able can be used as an useful tool to investigate the pos-
sible jet-medium interactions in high multiplicity classes
of small collision systems.
It should be noted that, till date, most of the exper-
imental measurements at the RHIC and the LHC ener-
gies concentrate on the multiplicity evolution of γ112 =
C112/v2 to search for CME in relativistic heavy ion col-
lisions. Therefore, a direct data-model comparisons for
∆C112 ∗N2mult is not possible at this moment. But, from
previous measurements it is clear that the existing event
generators cannot explain the experimentally observed
three-particle correlation results in heavy ion collisions
as well as in small collision systems [50]. In case of
heavy ion collisions, CME is often considered as a vi-
able explanation for such discrepancies. However, as the
effect of CME is expected to be negligible in the p+Pb
collisions, the inability of the existing event generators
to properly describe the three-particle correlation results
suggests that some important physics could be missing
in such models [50]. Efforts are ongoing to better un-
derstand the background sources of correlations resem-
bling CME like effect in the experimental measurements
[47, 50]. Our study shows that the multiplicity evolution
of charge dependence of C112 can also be used as a probe
to study the potential interaction between the low energy
jets and the medium in high multiplicity classes of small
collision systems. Further studies on the charge depen-
dent three particle correlations with identified particles
will be helpful in constraining different models aiming
to explain the collective behaviors in high multiplicity
small collision systems as well as shed light on the differ-
ent sources of charge dependent correlations contribute
as a background in the CME search activities.
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